Background: After patients recovering from respiratory failure have successfully completed a spontaneous breathing trial (SBT), clinicians must determine whether an artificial airway is still required. We hypothesized that cough strength and the magnitude of endotracheal secretions affect extubation outcomes. Methods: We conducted a prospective study of 91 adult patients treated in medical-cardiac ICUs who were recovering from respiratory failure, had successfully completed an SBT, and were about to be extubated. A number of demographic and physiologic parameters were recorded with the patient receiving full ventilatory support and during the SBT, just prior to extubation. Cough strength on command was measured with a semiobjective scale of 0 to 5, and the magnitude of endotracheal secretions was measured as none, mild, moderate, or abundant by a single observer. In addition, patients were asked to cough onto a white card held 1 to 2 cm from the endotracheal tube; if secretions were propelled onto the card, it was termed a positive white card test ( ) were not less likely to be successfully extubated than those with P:F ratios of > 200, but those with hemoglobin levels < 10 g/dL were more than five times as likely to have unsuccessful extubations as those with hemoglobin levels > 10 g/dL. Conclusions: After patients recovering from respiratory failure have successfully completed an SBT, factors affecting airway competence, such as cough strength and amount of endotracheal secretions, may be important predictors of extubation outcomes. Also, a majority (89%) of medically ill patients with P:F ratios of 120 to 200 (four of five patients with P:F ratios from 120 to 150), values sometimes used to preclude weaning, were extubated successfully.
T he process commonly referred to as "weaning" from invasive mechanical ventilation involves first assessing the patient's ability to breathe without (ie, liberation from) the ventilator and then the
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ability to continue breathing without an artificial airway (ie, endotracheal extubation). In general, a patient is hypothesized to be ready for liberation after successfully completing a spontaneous breathing trial (SBT). Numerous studies [1] [2] [3] have examined "weaning parameters" to predict combined liberation and extubation outcomes. A recent study 4 suggested that the presence of spontaneous coughing and the magnitude of endotracheal secretions may affect extubation outcomes of brain-injured patients. No prospective study has assessed whether such parameters predict extubation outcomes of other medically ill patients who have successfully completed an SBT. In this study, we hypothesized that for patients who have successfully completed an SBT, extubation outcomes are dependent on "airway competence": the ability to generate a strong cough and expectorate endotracheal secretions. Thus, patients are likely to have unsuccessful extubations if they cannot cough on command and/or if they have abundant secretions. We also hypothesized that patients with a Pao 2 /fraction of inspired oxygen (P:F) ratio of 120 to 200, a value sometimes used to preclude weaning efforts, would be no less likely to have unsuccessful extubations than those with a P:F ratio Ͼ 200.
Materials and Methods
The Investigational Review Board of our hospital waived requiring informed consent for this study. Patients in our medical-cardiac ICUs who were receiving mechanical ventilation via an endotracheal tube between April 1999 and February 2000 were assessed when they had successfully completed an SBT and when their caregivers were about to allow them to be extubated. In our ICU, weaning is guided by a nonmandatory protocol that is executed by bedside nurses, respiratory therapists, and resident trainees guided by one of four boardcertified intensivists. In general, patients who are no longer receiving pressors or inotropes and whose P:F ratio is Ͼ 120 are assessed with 2 to 3 min of unassisted breathing through the endotracheal tube with or without continuous positive airway pressure (CPAP). Patient cooperation is not required to commence SBTs. Patients whose observed respiratory frequency divided by the tidal volume (Vt) is Ͻ 125 breaths/ min/L usually undergo an SBT via a T-piece, CPAP, or pressure support of Յ 7 cm H 2 O for 0.5 to 2 h. Bedside clinicians prematurely terminate SBTs for the following reasons: severe distress despite attempts of bedside personnel to attenuate anxiety nonpharmacologically, increment of heart rate Ͼ 20 beats/min or systolic BP Ͼ 20 mm Hg, respiratory rate Ͼ 35 breaths/min, Vt Ͻ 300 mL, or pulse oximetry desaturation to Ͻ 90% while inspiring 50% oxygen. Patients who successfully complete an SBT are further assessed with an arterial blood gas analysis; if the result is favorable, the patient is considered for a trial of endotracheal extubation. In our ICU, some patients successfully complete the SBT and are not extubated if the clinicians feel they still require an artificial airway. Patients were excluded from this study if they were being extubated to comfort care (withdrawal of life-sustaining therapies, no reintubation).
Measurements
The following data were gathered: age, ICU admission APACHE (acute physiology and chronic health evaluation) II score, duration of endotracheal intubation/mechanical ventilation, arterial blood gas levels on full ventilatory support prior to the SBT, rapid shallow breathing index (RSBI; respiratory rate divided by Vt), SBT modality, respiratory rate, heart rate, and mean arterial pressure after roughly 30 min of the SBT, arterial blood gas levels during the SBT, and presence of congestive heart failure or gross encephalopathy.
A single observer (M.K.) worked with bedside nurses and respiratory therapists to assess voluntary cough strength on a scale of 0 to 5, and the magnitude of endotracheal secretions from none, mild, moderate, to large. The semiobjective scale of cough strength used by the single observer was as follows: 0 ϭ no cough on command, 1 ϭ audible movement of air through the endotracheal tube but no audible cough, 2 ϭ weakly (barely) audible cough, 3 ϭ clearly audible cough, 4 ϭ stronger cough, and 5 ϭ multiple sequential strong coughs. For the purposes of this study, a more objective measure of cough, termed the white card test (WCT), was created. A single observer (M.K.) placed a white file card 1 to 2 cm from the end of the endotracheal tube and asked patients to cough, up to three to four times, just prior to endotracheal extubation. If any wetness appeared on the card, it was classified as a positive WCT result. The amount of secretions was assessed by this same single observer who classified patients as producing either no, mild, moderate, or abundant endotracheal secretions based on personal observations and collective information from the nursing and respiratory therapists from their assessments within the 4 to 6 h preceding endotracheal extubation. Therapists and the bedside nurses also reported the approximate frequency of endotracheal suctioning during this period prior to extubation.
Patients were then extubated as per the instructions of their attending physicians. Patients who remained extubated at 72 h were classified as having successful extubation. Since this study did not stipulate criteria for reintubation (decisions were made by caregivers), physiologic parameters were recorded prior to reintubation that were thought to have contributed to the decision to reintubate. These reasons were categorized into three general groups: hypoxemia, defined as P:F ratio Ͻ 120 or pulse oximetry desaturation on a nonrebreather, high-flow oxygen face mask; hypercapnia, if arterial blood gas analysis revealed acute hypercapnic respiratory failure or sustained respiratory rate Ն 35 breaths/min; and failure to maintain an adequate airway for either mental status changes or inadequate expectoration. Patients were followed for this study until discharge from the ICU or until placement of a tracheostomy.
Statistical Analysis
Mean values of selected demographic variables and physiologic parameters of patients who were successfully extubated were compared by nonpaired Student's t tests to those who could not be extubated. For grouped data, 2 and/or Fisher's Exact Test were used in comparing differences in proportions between the two groups and in deriving p values. Cough strength and the magnitude of secretions were reclassified as binary variables; patients with absent or barely audible (grade 0 to 2) cough were compared to those with clearly audible, moderate-to-strong (grade 3 to 5) cough, and those with no or mild secretions were compared to those with moderate-toabundant secretions. Risk ratios (RRs) were computed as the preferred measure of the strength of association between the parameters of interest and extubation outcome. A multiple logistic regression model was subsequently used to adjust for confounders, assess effect modifiers, and identify parameters that independently predicted extubation outcome. The parameters included in the logistic model were determined by the biological plausibility of each variable and/or evidence of an association in the univariate analysis. Where appropriate, threshold levels were defined using standard norms or mean/ median values where no such norms exist. Based on the findings of the multiple logistic model, stratified analyses were performed to assess the interplay of the independent predictors and to compute measures of biological interaction on an additive scale using the indexes of Hogan et al 5 and Rothman. 6 In the absence of any interaction, the combined effects of the factors would be purely additive, yielding a Rothman synergy index (RSI) of one, and a Hogan index (HI) of zero. For synergism, the combined effect would exceed the sum of the net independent effects of the individual factors yielding RSI Ͼ1 and HI Ͼ0. For antagonism between the factors, the combined effects of the factors would be less than the sum of their net independent effects. Thus, the RSI would be Ͻ 1 and the HI would be negative (Ͻ 0). Also, sensitivity, specificity, and predictive values of the various parameters were computed. A true-positive test result was defined as one that predicted extubation success and the extubation was successful. A true-negative test result was defined as one that predicted extubation failure and extubation was unsuccessful. A false-positive test result was one that predicted success when the extubation was unsuccessful. A false-negative test result was one that predicted failure and the extubation was successful. A receiver operator characteristic curve was constructed for the continuous variable found to be an independent predictor of outcome. A p value Ͻ 0.05 was used to signify statistical significance.
Results
Ninety-one patients were followed up over 100 separate extubations. The patients ranged in age from 21 to 90 years (mean Ϯ SE, 65.2 Ϯ 1.6 years; Table 1 ). They varied in acuity of illness, with ICU admission APACHE II scores of 3 to 35 (mean, 17.7 Ϯ 0.7) and a median duration of intubation of 3 days (mean, 5.0 Ϯ 0.5 days). The most common acute reasons for initial intubation and mechanical ventilation were airway protection (n ϭ 22), including massive GI hemorrhage, drug overdose, stroke, and status epilepticus; congestive heart failure (n ϭ 17); sepsis (n ϭ 16); pneumonia (n ϭ 15); COPD (n ϭ 11); cardiac arrest (n ϭ 6); and asthma (n ϭ 5).
Extubation Failures
Sixteen patients could not be extubated; two patients could not be extubated twice (for a total of 18 unsuccessful extubations). Eleven patients required reintubation in the first 24 h, 5 patients required reintubation between 24 h and 48 h, 1 patient died between 24 h and 48 h after refusing reintubation, and 1 patient required reintubation between 48 h and 72 h. Parameters associated with failure in these patients are listed in Table 2 . One additional patient required noninvasive positivepressure ventilation shortly after extubation and required reintubation after 85 h. As per the a priori defined criteria for success, her extubation was classified as successful; results were not substantially different if her extubation was reclassified as unsuccessful. Table 3 lists the unadjusted RRs for selected factors in predicting extubation failure. Patients with poor cough strength, abundant secretions, and low hemoglobin levels (Յ 10 g/dL) were more likely to fail extubation after passing the SBT. Patients with weak or no cough were four times as likely to have unsuccessful extubations compared to those with clearly audible (moderate) or stronger coughs on command (RR, 4.0; 95% confidence interval [CI], 1.8 to 8.9). The results of the WCT were wholly dependent on cough strength and were not influenced by the amount of endotracheal secretions. Patients with a negative WCT result were three times as likely to have unsuccessful extubations compared to those with a positive WCT result (RR, 3.0; 95% CI, 1.3 to 6.7).
Univariate Analyses of Extubation Predictors
The frequency of endotracheal suctioning, perhaps a much more objective indicator of the amount of endotracheal secretions, was consistent with the graded magnitude of secretions in predicting extubation failure. Patients requiring suctioning every 2 h or less were 16 times as likely to have unsuccessful extubations compared to those requiring less frequent suctioning (RR, 16.0; 95% CI, 2.2 to 116). Similarly, patients with moderate or abundant secretions were almost nine times as likely to have unsuccessful extubations compared to those with scant or no secretions (RR, 8.7; 95% CI, 2.1 to 35.7). As expected, the frequency of suctioning was highly correlated with the magnitude of endotracheal secretions. All but 6 patients (of 49 patients) suctioned at or more frequently than every 2 h were also judged to have moderateto-abundant secretions, and all but 3 patients (of 49 patients) with less frequent suctioning were judged to have no or mild secretions. There were two patients in whom the frequency of suctioning was not reported. Patients with lower hemoglobin levels (Յ 10 g/dL) were about five times as likely to have unsuccessful extubations compared to those with higher levels (RR, 5.3; 95% CI, 2.1 to 13.6). Nonetheless, 20 of 33 (61%) with such hemoglobin levels were successfully extubated.
Neither the degree of oxygenation as indicated by P:F ratio nor the RSBI was significant in predicting extubation failure in this cohort. Figure 1 shows the dispersion of the P:F ratios (receiving mechanical ventilation) for the study cohort. Seventeen of 19 patients with P:F ratios from 120 to 200 were successfully extubated. There was no significant difference in P:F ratios between successes and failures, and the risk of failure was no greater in patients with P:F ratios from 120 to 200 compared to P:F ratios Ͼ 200 (RR, 0.5; 95% CI, 0.1 to 2.0).
Multivariate Analyses of Extubation Predictors
Cough strength, magnitude of secretions, and hemoglobin level emerged as independent predictors of extubation outcome in this cohort (Table 4) . Age (Ն 65 years or Ն 75 years), APACHE II (Ն 20), duration of intubation (Ͼ 4 days or Ͼ 7 days), and presence of congestive heart failure, coronary artery disease, or COPD were not independently associated with extubation outcomes. Cough strength was weakly affected by the presence of encephalopathy. Poor cough strength and abundant secretions were synergistic in predicting extubation failure (Table 5 ).
Patients with weak or no cough on command and with moderate or abundant secretions were 32 times as likely to have unsuccessful extubation compared to those with moderate or stronger cough and scant or no secretions. This was nearly four times the net additive effects of moderate or abundant secretions and poor or absent cough in predicting extubation failure (RSI, 3.7; HI, 0.57). Similar results were obtained using suctioning frequency as the measure of secretions or the WCT result as a measure of cough strength. In fact, whereas 9 of 13 patients (69%) who required endotracheal suctioning at or more frequently than every 2 h and who had a weak cough failed extubation, none of the 38 patients with less frequent suctioning and strong cough had unsuccessful extubation. There was no additional synergistic effect with low (Յ 10 g/dL) hemoglobin level. Table 6 shows the sensitivity, specificity, and predictive values for extubation success using the measures of secretions, cough strength, and hemoglobin level. The sensitivities ranged from 59% for frequency of suctioning, to 83% for cough strength. The specificities ranged from 50% for the WCT to 94% for the frequency of endotracheal suctioning. All the tests had good positive predictive values, ranging from 88% for the WCT to 98% for the amount of secretions.
Predictive Tests

Discussion
This study identifies factors of "airway competence," namely cough strength and quantity of endotracheal secretions, as important predictors of extubation outcome in a cohort of patients who have already successfully completed an SBT. In this group, there is synergism between poor cough strength and abundant endotracheal secretions in predicting extubation failure. In addition, significant anemia (hemoglobin level Յ 10 g/dL) appears to play an independent role in predicting failure. Traditional "weaning" parameters, such as the RSBI and P:F ratio, were not good predictors of extubation outcomes in this cohort of medical patients who had successfully completed an SBT.
That factors of airway competence should play such a decisive role in predicting extubation outcome is not surprising. Sustenance of good gas exchange following endotracheal extubation demands that patients maintain a patent native airway and continue to breathe without the aid of the ventilator. Excessive endotracheal secretions, especially in the absence of a good cough, could lead to bronchial plugging, atelectasis, and/or aspiration pneumonitis, all of which can cause respiratory failure. Also, given that many of these patients have marginal respiratory muscle reserve, respiratory failure unrelated to airway competence could occur as a consequence of increased work of breathing. Previous studies found one or more of these to be the reasons for reintubation in similar patients. Epstein and Ciubotaru 7 reviewed the records of 74 medically ill patients who required reintubation in spite of having successfully completed SBTs prior to extubation: respiratory failure (n ϭ 21), congestive heart failure (n ϭ 17), excessive endotracheal secretions (n ϭ 12), upperairway obstruction (n ϭ 11), and encephalopathy (n ϭ 7) were the principal causes. In such a retrospective study, it is difficult to determine the relative contribution of airway incompetence to the pathogenesis of respiratory failure. A more recent study 4 of brain-injured patients examined the effects of a number of clinical factors, including airway parameters, on extubation outcomes; although "many patients were successfully extubated despite poor markers of airway function and clearance," the presence of a spontaneous cough and a lower frequency of endotracheal suctioning on the extubation readiness day were associated with successful extubation. Our study extends the importance of "airway factors" on extubation outcomes to critically ill patients with a variety of medical illnesses. However, our study did not finely grade the degree of encephalopathy, another potential cofactor that could affect readiness for extubation, and the ability to cough on command.
The mechanism by which a low concentration of hemoglobin increased the risk of extubation failure is not clear. In previous studies, some patients with weaning failure experienced insufficient global oxygen delivery 8 or myocardial ischemia, 9 which anemia may exacerbate. However, we did not collect hemodynamic, oxygen metabolism, or ECG data that would be useful in examining potential mechanisms to explain this observation. Moreover, the pathogenesis of weaning failure may differ significantly from that of extubation failure. Nonetheless, it is noteworthy that 20 of 33 patients (61%) with hemoglobin levels Յ 10 g/dL were successfully extubated, and would not have been considered for SBTs or extubation in some major clinical trials. 10 -12 Accordingly, anemia by itself should not be used to preclude patients from consideration for SBTs or endotracheal extubation. Data from a previous, large prospective study 13 demonstrated no benefit in arbitrary transfusions to hemoglobin levels Ͼ 10 g/dL. Our data do not justify systematic transfusion of patients receiving mechanical ventilation to this level, but a future study should be performed to determine whether patients who initially do not successfully complete SBTs or extubation benefit from a higher concentration of circulating hemoglobin.
To our knowledge, this is the first study to examine the effects of oxygenation on extubation outcomes. Although some clinicians and investigators use a P:F ratio of Ͼ 150 to commence weaning, many still use a threshold of P:F ratio of Ͼ 200. Since our ICU uses a P:F ratio of Ͼ 120 as one criteria to begin SBTs, we had the opportunity to scrutinize the effects of oxygenation on extubation outcomes. Note that in our study all patients (19 of whom who had P:F ratios from 120 to 200) had successfully completed the SBT as a requirement for enrollment. Since we did not follow up patients who did not successfully complete their SBTs, our results do not address the effect of the P:F ratio on weaning outcomes. Nonetheless, the successful extubation of 17 of 19 patients with P:F ratios from 120 to 200 suggests that the oxygenation threshold (P:F ratio Ͼ 200) used to commence SBTs in some major studies 10, 14, 15 may be unnecessarily stringent. The small sample (n ϭ 5) with a P:F ratio from 120 to 150 precludes drawing definitive conclusions in this particularly hypoxemic subset, although four of five patients were successfully extubated.
Numerous studies [1] [2] [3] have suggested that the RSBI is among the best available predictors of combined liberation/extubation outcomes in patients who have not yet successfully completed an SBT. The fact that the RSBI does not help distinguish extubation outcomes suggests, as one would expect, that it gauges the ability to breathe without the ventilator. In other words, the RSBI primarily predicts SBT outcome, which may have greater weight in determining combined outcomes than whether the artificial airway is still required.
The measures of secretions and cough on command used in this study were somewhat subjective. To the best of our knowledge, there is no validated measure of cough strength or endotracheal secretions in critically ill patients. The use of a single observer was likely to ensure relative consistency in the application of the classification system. Nonetheless, some misclassifications could have occurred. Such misclassification is likely to be random (nondifferential), since patients were classified before extubation and the classification status had no bearing on decisions of extubation or reintubation. Moreover, the use of only two categories in the analyses guarantees that any effect of such random misclassification would bias the results toward the null. 16, 17 For example, if one assumes that poor cough strength is truly associated with extubation failure, then patients with weak cough wrongly misclassified in the moderate-to-strong cough category would lead to overestimation of extubation failure in that group. Similarly, patients with strong cough wrongly misclassified in the weak cough group would lead to underestimation of extubation failure in that group. The true RR of extubation failure for patients with weak cough compared to those with strong cough would be higher than that reported in the presence of misclassifications. Hence, it is unlikely that the impressive findings of the study can be explained by such misclassifications. Replication of the study findings using the frequency of suctioning and the WCT as second, arguably more objective, measures of the amount of secretions and cough strength supports the important roles of these variables in predicting extubation outcomes. We suspect that many clinicians already integrate these (or similar) airway "parameters" into weaning and extubation decisions, but this is the first study to formally evaluate the predictive utility of these factors in this patient population. This and the study 4 of brain-injured patients suggest that cough and secretions affect extubation outcomes. Further studies, preferably using more objective/validated measures and multiple observers, are required to generalize these findings. Finally, the current study is also limited by the fact that neither the decision to extubate nor the decision to reintubate was based on explicit, enforced protocols; physicians caring for the patients ultimately made the decisions. This further hinders the generalizability of this study and supports the need for future confirmatory studies.
If the importance of cough and secretions is confirmed, how could these be used to inform extubation decisions? One could argue that higher mortality associated with extubation failure 18 demands that we minimize the number of unsuccessful extubations. No single measure of cough strength or secretions had sufficient sensitivity and specificity to be used, by itself, in making extubation decisions (Table 6 ). However, patients with poor cough and moderate-to-abundant secretions were highly (82%) likely to have unsuccessful extubations despite successfully completing an SBT (Table 5) . Those with moderate-to-abundant secretions and good cough appear to represent a group at intermediate risk (19% had unsuccessful extubations), and clinicians should exercise caution in extubating such patients. Those with mild secretions (or who require endotracheal suctioning less frequently than every 2 h) and good cough are very unlikely to have unsuccessful extubations and can be extubated with reasonable confidence after successfully completing an SBT.
In conclusion, this study suggests that for patients who have successfully completed an SBT, the magnitude of the cough on command and the quantity of endotracheal secretions are significant predictors of extubation outcomes. Extubation failure is synergistically enhanced in the presence of abundant endotracheal secretions and absent or weak cough. These factors of airway competence, or "extubation parameters," may be more important than traditional "weaning parameters," including the RSBI and P:F ratio, in predicting extubation outcomes of patients who have successfully completed SBTs. Further studies utilizing a greater number of observers and/or more objective measures of cough and secretions are required. Finally, in such a cohort, many patients with P:F ratio of Ͻ 200 (120 to 200) or hemoglobin level of Յ 10 g/dL, values traditionally used to preclude weaning, may be extubated successfully.
